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(57) ABSTRACT

A semiconductor memory cell includes a memory cell, a
word line and a source line both connected to the memory
cell, and a control circuit. During a read operation on the
memory cell, the control circuit applies a first voltage to the
word line, applies a second voltage greater than the first
voltage to the word line, and then applies a third voltage
which is greater than the first voltage and smaller than the
second voltage to the word line. During the read operation
on the memory cell, the control circuit also applies a fourth
voltage to the source line according to a timing at which the
second voltage is applied to the word line, and then applies
a fifth voltage smaller than the fourth voltage to the source
line.
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1
SEMICONDUCTOR MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2018-234403,
filed Dec. 14, 2018, the entire contents of which are incor-
porated herein by reference.

FIELD

Embodiments described herein relate generally to a semi-
conductor memory device.

BACKGROUND

ANAND-type flash memory is known as a semiconductor
memory device.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating an example of a
configuration of a memory system including a semiconduc-
tor memory device according to a first embodiment.

FIG. 2 is a block diagram illustrating an example of the
configuration of the semiconductor memory device accord-
ing to the first embodiment.

FIG. 3 is a diagram illustrating an example of a circuit
configuration of a memory cell array in the semiconductor
memory device according to the first embodiment.

FIG. 4 is a diagram illustrating an example of a threshold
voltage distribution of memory cell transistors in the semi-
conductor memory device according to the first embodi-
ment.

FIG. 5 is a diagram illustrating an example of a part of a
circuit configuration of a sense amplifier module in the
semiconductor memory device according to the first
embodiment.

FIG. 6 is a timing chart illustrating an example of changes
in voltages that are applied to various circuit elements
during a read operation in the semiconductor memory device
according to the first embodiment.

FIG. 7 is a timing chart illustrating an example of changes
in voltages that are applied to various circuit elements
during a read operation in a semiconductor memory device
according to a comparative example.

FIG. 8 is a diagram illustrating an example of a circuit
configuration of a driver in a semiconductor memory device
according to a second embodiment.

FIG. 9 is a diagram illustrating an example of the layout
of a row decoder module, a word line, and a source line in
the semiconductor memory device according to the second
embodiment.

FIG. 10 is a schematic circuit diagram illustrating a first
example of on/off control of each of the transistors in the
driver of the semiconductor memory device according to the
second embodiment.

FIG. 11 is a graph illustrating an example of control of a
voltage of a source line, which is implemented by on/off
control of each of the transistors illustrated in FIG. 10.

FIG. 12 is a schematic circuit diagram illustrating a
second example of on/off control of each of the transistors
in the driver of the semiconductor memory device according
to the second embodiment.
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FIG. 13 is a graph illustrating an example of control of a
voltage of a source line, which is implemented by on/off
control of each of the transistors illustrated in FIG. 12.

FIG. 14 is a schematic circuit diagram illustrating a third
example of on/off control of each of the transistors in the
driver of the semiconductor memory device according to the
second embodiment.

FIG. 15 is a graph illustrating an example of control of a
voltage of a source line, which is implemented by on/off
control of each of the transistors illustrated in FIG. 14.

FIG. 16 is a timing chart illustrating an example of
changes in voltages that are applied to various circuit
elements during a read operation in the semiconductor
memory device according to the second embodiment.

FIG. 17 is a diagram illustrating an example of a circuit
configuration of a driver in a semiconductor memory device
according to a comparative example.

DETAILED DESCRIPTION

Embodiments provide a semiconductor memory device
capable of high speed operation.

In general, according to one embodiment, the semicon-
ductor memory device includes a memory cell, a word line
connected to the memory cell, a source line connected to the
memory cell, and a control circuit. During a read operation
on the memory cell, the control circuit applies a first voltage
to the word line, applies a second voltage greater than the
first voltage to the word line after applying the first voltage
to the word line, and applies a third voltage which is greater
than the first voltage and smaller than the second voltage to
the word line after applying the second voltage to the word
line. During the read operation on the memory cell, the
control circuit also applies a fourth voltage to the source line
according to a timing at which the second voltage is applied
to the word line, and applies a fifth voltage smaller than the
fourth voltage to the source line after applying the fourth
voltage to the source line.

Hereinafter, embodiments will be described with refer-
ence to the accompanying drawings. In the following
description, elements having the same function and configu-
ration are denoted by the same reference numerals. In
addition, when plural elements having the same reference
numeral are distinguished from each other, they are distin-
guished from each other by adding suffixes to the common
reference numeral. Further, in a case where the elements do
not need to be distinguished from each other, only the
common reference numeral is used.

First Embodiment

A semiconductor memory device 1 according to a first
embodiment will be described below.

Configuration Example

(1) Memory System

FIG. 1 is a block diagram illustrating an example of a
configuration of a memory system 3 including the semicon-
ductor memory device 1 according to the first embodiment.

As illustrated in FIG. 1, the memory system 3 includes the
semiconductor memory device 1 and a memory controller 2,
and is connected to a host device 4. The memory system 3
is, for example, a solid state drive (SSD) or an SD™ card.

The semiconductor memory device 1 is controlled by the
memory controller 2. The memory controller 2 receives an
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instruction from the host device 4 and controls the semi-
conductor memory device 1 based on the received instruc-
tion.

The memory controller 2 includes a host interface circuit
21, a central processing unit (CPU) 22, a random access
memory (RAM) 23, a read only memory (ROM) 24, and a
memory interface circuit 25. The memory controller 2 is
configured as, for example, a system-on-a-chip (SoC).

The ROM 24 stores firmware (more generally, a program)
The RAM 23 may store the firmware and is used as a work
area of the CPU 22. The RAM 23 further stores data
temporarily and functions as a buffer and a cache. The
firmware which is stored in the ROM 24 and loaded into the
RAM 23 is executed by the CPU 22. As a result, the memory
controller 2 executes various operations including a read
operation and a write operation, which will be described
later, and a part of the functions of the host interface circuit
21 and the memory interface circuit 25.

The host interface circuit 21 is connected to the host
device 4 via a bus so as to manage communication between
the memory controller 2 and the host device 4. The memory
interface circuit 25 is connected to the semiconductor
memory device 1 via a memory bus so as to manage
communication between the memory controller 2 and the
semiconductor memory device 1. The memory bus trans-
mits, for example, a chip enable signal CEn, a command
latch enable signal CLE, an address latch enable signal ALE,
a write enable signal WEn, a read enable signal REn, a write
protect signal WPn, a ready/busy signal R/Bn, and a signal
DQ.

(2) Configuration of Semiconductor Memory Device

FIG. 2 is a block diagram illustrating an example of the
configuration of the semiconductor memory device 1
according to the first embodiment. The semiconductor
memory device 1 according to the first embodiment is, for
example, a NAND-type flash memory capable of storing
data in a non-volatile manner.

As illustrated in FIG. 2, the semiconductor memory
device 1 includes a memory cell array 10, a sense amplifier
module 11, a row decoder module 12, an input/output circuit
13, a register 14, a logic control circuit 15, a sequencer 16,
and a ready/busy control circuit 17, a voltage generation
circuit 18, and a driver set 19. In the semiconductor memory
device 1, various operations such as a write operation of
storing write data DAT in the memory cell array 10 and a
read operation of reading read data DAT from the memory
cell array 10 are performed.

The memory cell array 10 includes blocks BLK0 to BLKn
(the symbol “n” represents an integer greater than or equal
to of 1). The block BLK includes plural nonvolatile memory
cells associated with bit lines and word lines, and is, for
example, a unit of data erasure. In the semiconductor
memory device 1, for example, a single-level cell (SLC)
method of programming or a multi-level cell (ML.C) method
of programming may be applied. In the SLC method, 1-bit
data is stored in each memory cell, and in the ML.C method,
2 bit data is stored in each memory cell.

The input/output circuit 13 controls the input/output of the
signal DQ with the memory controller 2. The signal DQ
includes, for example, a command CMD, data DAT, address
information ADD, and status information STS. The com-
mand CMD includes, for example, an instruction for execut-
ing an instruction from the host device 4. The data DAT
includes the write data DAT or the read data DAT. The
address information ADD includes, for example, a column
address and a row address. The status information STS
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includes, for example, information on the status of the
semiconductor memory device 1 related to the write opera-
tion and the read operation.

More specifically, the input/output circuit 13 includes an
input circuit and an output circuit, and the input circuit and
the output circuit perform the following processes. The input
circuit receives the write data DAT, the address information
ADD, and the command CMD from the memory controller
2. The input circuit transfers the received write data DAT to
the sense amplifier module 11 and transfers the received
address information ADD and command CMD to the reg-
ister 14. Meanwhile, the output circuit receives the status
information STS from the register 14 and receives the read
data DAT from the sense amplifier module 11. The output
circuit transmits the received status information STS and
read data DAT to the memory controller 2.

The register 14 includes a status register 141, an address
register 142, and a command register 143.

The status register 141 stores the status information STS,
and transfers the status information STS to the input/output
circuit 13 based on an instruction of the sequencer 16.

The address register 142 stores the address information
ADD transferred from the input/output circuit 13. The
address register 142 transfers the column address in the
address information ADD to the sense amplifier module 11,
and transfers the row address in the address information
ADD to the row decoder module 12.

The command register 143 stores the command CMD
transferred from the input/output circuit 13 and transfers the
command CMD to the sequencer 16.

The logic control circuit 15 receives, for example, the
chip enable signal CEn, the command latch enable signal
CLE, the address latch enable signal ALE, the write enable
signal WEn, the read enable signal REn, and the write
protect signal WPn from the memory controller 2. The logic
control circuit 15 controls the input/output circuit 13 and the
sequencer 16 based on the received signals.

The chip enable signal CEn is a signal used to enable the
semiconductor memory device 1. The command latch
enable signal CLE is a signal used to notify the input/output
circuit 13 that the signal DQ input to the semiconductor
memory device 1 is the command CMD. The address latch
enable signal ALE is a signal used to notify the input/output
circuit 13 that the signal DQ input to the semiconductor
memory device 1 is the address information ADD. The write
enable signal WEn and the read enable signal REn are, for
example, signals used to indicate to the input/output circuit
13 that the signal DQ is an input signal supplied thereto or
an output signal supplied therefrom. The write protect signal
WPn is a signal used to instruct the semiconductor memory
device 1 to prohibit writing and erasing of data.

The sequencer 16 controls the entire operation of the
semiconductor memory device 1 based on the command
CMD stored in the command register 143. For example, the
sequencer 16 controls the sense amplifier module 11, the row
decoder module 12, the voltage generation circuit 18, the
driver set 19, and the like so as to execute various operations
such as a write operation and a read operation.

The ready/busy control circuit 17 generates the ready/
busy signal R/Bn according to the control by the sequencer
16, and transmits the generated ready/busy signal R/Bn to
the memory controller 2. The ready/busy signal R/Bn is a
signal used to notify whether the semiconductor memory
device 1 is in a ready state in which state an instruction from
the memory controller 2 can be received or in a busy state
in which state an instruction from the memory controller 2
cannot be received.
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The voltage generation circuit 18 generates voltages used
for a write operation, a read operation, and the like based on
the control by the sequencer 16, and supplies the generated
voltages to the driver set 19.

The driver set 19 includes a driver SLDRV. The driver set
19 generates various voltages to be applied to a word line
WL, a source line SL, and the like (to be described later)
during various operations such as, for example, a read
operation and a write operation using the voltages supplied
from the voltage generation circuit 18. The driver set 19
transfers the generated voltages to the sense amplifier mod-
ule 11 and the row decoder module 12. The driver SLDRV
transfers the generated voltages to the source line SL.

The sense amplifier module 11 receives a column address
from the address register 142 and decodes the received
column address. The sense amplifier module 11 performs an
operation of transferring the data DAT between the memory
controller 2 and the memory cell array 10 as described below
based on the result of the decoding. That is, the sense
amplifier module 11 senses the data read from the memory
cell array 10 to generate read data DAT, and outputs the
generated read data DAT to the memory controller 2 via the
input/output circuit 13. The sense amplifier module 11 also
receives the write data DAT from the memory controller 2
via the input/output circuit 13 and transfers the received
write data DAT to the memory cell array 10.

The row decoder module 12 receives a row address from
the address register 142 and decodes the received row
address. The row decoder module 12 selects a block BLK of
a target on which various operations such as a read operation
and a write operation are to be performed based on the result
of the decoding. The row decoder module 12 may transfer
the voltage supplied from the driver set 19 to the selected
block BLK.

(3) Memory Cell Array of NAND-Type Flash Memory

FIG. 3 is a diagram illustrating an example of the circuit
configuration of one block BLK among the plural blocks
BLK in the memory cell array 10 as an example of the circuit
configuration of the memory cell array 10 illustrated in FIG.
2. For example, each of the plural blocks BLK in the
memory cell array 10 has the circuit configuration illustrated
in FIG. 3.

As illustrated in FIG. 3, the block BLK includes, for
example, four string units SUO to SU3. Each of the string
units SU includes plural NAND strings NS. Each of the
plural NAND strings NS is associated with a bit line BL
among bit lines BL.O to BLm (the symbol “m” represents an
integer greater than or equal to 1), and includes, for example,
memory cell transistors MT0 to MT7 and select transistors
ST1 and ST2. The memory cell transistor MT includes a
control gate and a charge storage layer, and stores data in a
non-volatile manner. Each of the select transistors ST1 and
ST2 is used to select a NAND string NS including the select
transistors ST1 and ST2 during various operations.

In each of the plural NAND strings NS, the drain of the
select transistor ST1 is connected to the corresponding bit
line BL. The memory cell transistors MT0 to MT7 are
connected in series between the source of the select tran-
sistor ST1 and the drain of the select transistor ST2. The
source of the select transistor ST2 is connected to the source
line SL.

Across the plural NAND strings NS in the same block
BLK, the control gates of the memory cell transistors MT0
to MT7 in each NAND string NS are commonly connected
to the corresponding word line WL among the word lines
WLO to WL7. The gates of the select transistors ST1 of the
plural NAND strings NS in each of the string units SU0 to
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SU3 are commonly connected to the select gate lines SGDO0
to SGD3 corresponding to the respective string units SU.
The gates of the select transistors ST2 in each NAND string
NS are commonly connected to a select gate line SGS across
the plural NAND strings NS in the same block BLK.

Each bit line BL is commonly connected to the drain of
the select transistor ST1 of the corresponding NAND string
NS across the plural string units SU. The source line SL is
shared among the plural string units SU.

A set of the memory cell transistors MT connected to a
common word line WL in one string unit SU is referred to
as, for example, a cell unit CU. For example, when each of
the memory cell transistors MT in the cell unit CU stores
1-bit data, data corresponding to the storage capacity of the
cell unit CU is referred to as, for example, “1 page data.”

While the circuit configuration of the memory cell array
10 has been described above, the circuit configuration of the
memory cell array 10 is not limited to that described above.
For example, each block BLK may have any number of
string units SU. In addition, each NAND string NS may have
any number of memory cell transistors MT and select
transistors ST1 and ST2. The numbers of the word lines WL
and the select gate lines SGD and SGS are changed based on
the numbers of the memory cell transistors MT and the
select transistors ST1 and ST2 in the NAND strings NS.

(4) Threshold Voltage Distribution of Memory Cell Tran-
sistor

FIG. 4 is a diagram illustrating examples of a threshold
voltage distribution, a data allocation, a read voltage, and a
verify voltage when the memory cell transistors MT in the
memory cell array 10 illustrated in FIG. 1 store 2-bit data.

The memory cell transistor MT stores the 2-bit data based
on a voltage difference between a gate and a source which
enables the memory cell transistor MT to be turned on
(hereinafter, referred to as a threshold voltage). In the write
operation, a control of the threshold voltage of the memory
cell transistor MT is performed. FIG. 4 illustrates four
threshold voltage distributions which are a result of such a
control of the threshold voltage. In the threshold voltage
distribution illustrated in FIG. 4, the vertical axis corre-
sponds to the number of the memory cell transistors M T, and
the horizontal axis corresponds to the threshold voltage Vth
of the memory cell transistors MT. For example, when a
voltage VSRC is applied to the source of the memory cell
transistor MT, a voltage applied to the gate of the memory
cell transistor MT to turn on the memory cell transistor MT
is illustrated on the horizontal axis.

For example, the four threshold voltage distributions are
distinguished as being in the “Er” state, the “A” state, the
“B” state, and the “C” state in order from those located in the
region where the threshold voltage is the lowest. For
example, “11” (“lower bit/upper bit”) data is allocated to the
“Er” state, “10” data is allocated to the “A” state, “000” data
is allocated to the “B” state, and “01” data is allocated to the
“C” state. The data allocated to the threshold voltage dis-
tribution of each state is data that is stored in the memory
cell transistor MT whose threshold voltage distribution
includes the threshold voltage.

Verify voltages used in the write operation are set between
adjacent threshold voltage distributions. Specifically, a
verify voltage AV is set to correspond to the “A” state, a
verify voltage BV is set to correspond to the “B” state, and
a verify voltage CV is set to correspond to the “C” state. The
verify voltage is a voltage used in a verify operation to
confirm whether a target level of the memory cell transistor
MT has been reached.
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More specifically, the verify voltage AV is set between the
maximum threshold voltage at the “Er” state and the mini-
mum threshold voltage at the “A” state. When the verify
voltage AV is applied to the memory cell transistor MT, the
memory cell transistor MT whose threshold voltage falls
within the threshold voltage distribution at the “Er” state is
turned on, while the memory cell transistor MT whose
threshold voltage falls within the threshold voltage distri-
bution at the “A” state or higher is turned off. For example,
as a result of the write operation of the “10” data, it becomes
possible to confirm whether the threshold voltage of the
memory cell transistor MT falls within the threshold voltage
distribution at the “A” state.

The other verify voltages BV and CV are also set simi-
larly to the verify voltage AV. The verify voltage BV is set
between the maximum threshold voltage at the “A” state and
the minimum threshold voltage at the “B” state, and the
verify voltage CV is set between the maximum threshold
voltage at the “B” state and the minimum threshold voltage
at the “C” state.

Further, read voltages used in the read operations are set
between adjacent threshold voltage distributions. Specifi-
cally, a read voltage AR is set to correspond to the “A” state,
a read voltage BR is set corresponding to the “B” state, and
a read voltage CR is set to correspond to the “C” state. The
read voltage is a voltage used in a read operation of
confirming the state of threshold voltage distribution within
which the threshold voltage of the memory cell transistor
MT falls.

More specifically, the read voltage AR is set between the
maximum threshold voltage at the “Er” state and the mini-
mum threshold voltage at the “A” state, similarly to the
verify voltage AV. When the read voltage AR is applied to
the memory cell transistor MT, the memory cell transistor
MT whose threshold voltage falls within the threshold
voltage distribution at the “Er” state is turned on, while the
memory cell transistor MT whose threshold voltage falls
within the threshold voltage distribution at the “A” state or
higher is turned off. As a result, it becomes possible to
determine whether the threshold voltage of the memory cell
transistor MT falls within the threshold voltage distribution
at the “Er” state or in the threshold voltage distribution at the
“A” state or higher.

The other read voltages BR and CR are also set similarly
to the read voltage AR. The read voltage BR is set between
the maximum threshold voltage at the “A” state and the
minimum threshold voltage at the “B” state, and the read
voltage CR is set between the maximum threshold voltage at
the “B” state and the minimum threshold voltage at the “C”
state.

Further, the following magnitude relationship exists
between the verify voltage and the read voltage described
above. That is, the verify voltage AV is set to a voltage
higher than the read voltage AR, the verify voltage BV is set
to a voltage higher than the read voltage BR, and the verify
voltage CV is set to a voltage higher than the read voltage
CR. For example, it is configured such that the verify voltage
AV is set near the lower portion of the threshold voltage
distribution at the “A” state, the verify voltage BV is set near
the lower portion of the threshold voltage distribution at the
“B” state, and the verify voltage CV is set near the lower
portion of the threshold voltage distribution at the “C” state.

In addition, a read pass voltage VREAD is set to a voltage
higher than the maximum threshold voltage among the
threshold voltage distributions located in the region where
the threshold voltage is the highest. The memory cell
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transistor MT in which the read pass voltage VREAD is
applied to the gate is turned on regardless of the stored data.

In addition, the number of bits of data stored in one
memory cell transistor MT described above and the alloca-
tion of data to the above threshold voltage distribution are
merely examples, and the present disclosure is not limited
thereto. For example, data of 1 bit or 3 bits or more may be
stored in one memory cell transistor MT.

(5) Circuit Configuration of Sense Amplifier Module

FIG. 5 is a diagram illustrating an example of a part of the
circuit configuration of the sense amplifier module 11 illus-
trated in FIG. 2. In the following description, the memory
cell transistor MT to be written or read is referred to as a
selected memory cell transistor MT.

The sense amplifier module 11 includes, for example, a
sense amplifier unit SAU provided for each bit line. As
illustrated in FIG. 5, one sense amplifier unit SAU includes
a connection portion 111, a sensing unit 112, and a latch
circuit 113. When each memory cell transistor MT holds 2
or more bits of data, two (2) or more latch circuits are
provided based on the number of bits.

The connection unit 111 connects the corresponding bit
line BL to the sensing unit 112. Specifically, the connection
unit 111 includes n channel MOS transistors Trl and Tr2. A
first terminal of the transistor Trl is connected to the
corresponding bit line BL, and a second terminal of the
transistor Trl is connected to a first terminal of the transistor
Tr2. A control signal BLS is applied to the gate of the
transistor Trl. The second terminal of the transistor Tr2 is
connected to a node SCOM, and a control signal BLC is
applied to the gate of the transistor Tr2. The corresponding
bit line BL may be clamped to the voltage according to the
control signal BL.C by the transistor Tr2.

The sensing unit 112 senses the data read based on the
voltage of the bit line BL. The sensing unit 112 includes n
channel MOS transistors Tr3, Trd, Tr5, Tr6, Tr7, Tr8, and
Tr9, a p channel MOS transistor Tr10, and a capacitive
element C1.

The first terminal of the transistor Tr3 is connected to the
node SCOM, and the second terminal of the transistor Tr3 is
connected to a node SSRC. A control signal BLX is applied
to the gate of the transistor Tr3. The first terminal of the
transistor Tr10 is connected to the node SSRC, and a voltage
VDD is applied to the second terminal of the transistor Tr10.
The gate of the transistor Tr10 is connected to a node
INV_S. The first terminal of the transistor Tr5 is connected
to the node SSRC, and the second terminal of the transistor
Tr5 is connected to a node SEN. A control signal HLL is
applied to the gate of the transistor Tr5. A first electrode of
the capacitive element C1 is connected to the node SEN, and
a signal CLK is supplied to a second electrode of the
capacitive element C1. The first terminal of the transistor
Tr4 is connected to the node SEN, and the second terminal
of the transistor Tr4 is connected to the node SCOM. A
control signal XXL is applied to the gate of the transistor
Tr4. The first terminal of the transistor Tr9 is connected to
the node SCOM, the second terminal of the transistor Tr9 is
connected to a node SRCGND, and the gate of the transistor
Tr9 is connected to the node INV_S. The voltage applied to
the node SRCGND is, for example, VSS. VSS is, for
example, OV.

The transistor Tr10 and the transistor Tr3 enable the bit
line BL to be precharged. The capacitive element C1 is
charged during precharging of the bit line BL. The transistor
Tr10 and the transistor Tr5 enable the capacitive element C1
to be charged. The transistor Tr4 enables the node SEN to be
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discharged during data sensing. The transistor Tr9 enables
the bit line BL to be fixed at a constant voltage.

The first terminal of the transistor Tr6 is connected to the
node SEN, and the second terminal of the transistor Tr6 is
connected to a node LBUS. A control signal BLQ is applied
to the gate of the transistor Tr6. The node LBUS is a signal
path that connects the sensing unit 112 and the latch circuit
113. The first terminal of the transistor Tr7 is connected to
the node LBUS, and the second terminal of the transistor Tr7
is connected to the first terminal of the transistor Tr8. A
control signal STB is applied to the gate of the transistor Tr7.
The second terminal of the transistor Tr8 is grounded, and
the gate of the transistor Tr8 is connected to the node SEN.

The transistor Tr7 enables control of data sense timing
and storage of read data in the latch circuit 113. The
transistor Tr8 enables sensing whether the read data is “0” or
“1” based on the voltage of the node SEN.

The node INV_S is a node in the latch circuit 113, and
may take a logic level according to the data stored in the
latch circuit 113. For example, when the selected memory
cell transistor MT is turned on at the time of data reading and
the voltage of the node SEN is sufficiently lowered, the node
INV_S is at the H level. Meanwhile, when the selected
memory cell transistor MT is in the off state and the node
SEN has a constant voltage, the node INV_S is at the L level.

In the above-described configuration, at the timing when
the control signal STB is asserted, read data based on the
voltage of the node SEN is transferred to the latch circuit 113
by the transistor Tr7. The control signals STB, BLS, BLC,
BLX, HLL, XXL, and BLQ are supplied by, for example,
the sequencer 16.

The configuration of the sense amplifier module 11
described in detail above is merely an example, and various
other configurations may be used as the sense amplifier
module 11.

Operation Example

(1) Outline of Write Operation and Read Operation

The semiconductor memory device 1 according to the first
embodiment repeatedly executes a program loop during the
write operation. The program loop includes a program
operation and a verify operation. The program operation is
an operation of raising the threshold voltage of the selected
memory cell transistor MT by injecting electrons into the
charge storage layer in the selected memory cell transistor
MT (or maintaining the threshold voltage of the selected
memory cell transistor MT by inhibiting the injection of
electrons into the charge storage layer). The verify operation
is an operation of confirming whether the threshold voltage
of the selected memory cell transistor MT has reached the
target state by performing a read operation using a verify
voltage following the program operation.

The selected memory cell transistor MT whose threshold
voltage has reached the target state is thereafter write-
inhibited.

The threshold voltage of the selected memory cell tran-
sistor MT is raised to the target state by repeatedly executing
the program loop including the program operation and the
verify operation described above.

Electrons stored in the charge storage layer may be stored
in an unstable state. Therefore, electrons stored in the charge
storage layer of the memory cell transistor M T may escape
from the charge storage layer as time elapses from the end
of the program operation. When the electrons escape from
the charge storage layer, the threshold voltage of the
memory cell transistor MT decreases. Therefore, during the
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read operation performed after the completion of the write
operation, the read operation is performed using a read
voltage lower than the verify voltage in order to accommo-
date the decrease in the threshold voltage of the memory cell
transistor which may occur with the passage of time.

In the following description, it is assumed that the read
operation may include a verify operation.

(2) Examples of Various Voltages Used in Read Operation

FIG. 6 is a timing chart illustrating an example of changes
in voltages that are applied to various circuit elements
during a read operation in the semiconductor memory device
1 according to the first embodiment. Further, the timing
chart illustrated in FIG. 6 only schematically illustrates the
voltages applied to the various circuit elements, and does not
necessarily illustrate, for example, the change in the voltage
of the bit line BL, etc. when the bit line BL is discharged.
FIG. 6 illustrates a case where a read using the read voltage
AR, a read using the read voltage BR, and a read using the
read voltage CR are continuously performed during the read
operation. Further, the same process as described below may
be applied to the read operation using the verify voltage.

In the following description, the word line connected to
the selected memory cell transistor MT is referred to as a
selected word line WL _sel, and the word line not connected
to the selected memory cell transistor MT is referred to as a
non-selected word line WL _usel. Further, among the select
gate lines SGD, the select gate line SGD of the selected
string unit SU is referred to as a selected select gate line
SGD_sel, and the select gate line of the non-selected string
unit SU is referred to as a non-selected select gate line
SGD_usel.

As described above, application of voltages to the word
lines WL _sel and WL _usel and the select gate lines
SGD_sel, SGD_usel, and SGS is executed by the control of
the voltage generation circuit 18, the driver set 19, and the
row decoder module 12 by the sequencer 16. In addition, the
application of voltages to the source line SL is executed by
the control of the voltage generation circuit 18 and the driver
SLDRYV in the driver set 19 by the sequencer 16. Further, the
application of voltages to the bit line BL is executed by the
control of the voltage generation circuit 18, the driver set 19,
and the sense amplifier module 11 by the sequencer 16. In
addition, the control signals BLC and STB are supplied by
the sequencer 16.

In the example illustrated in FIG. 6, the voltages applied
to the word lines WL _sel and WL_usel, the select gate lines
SGD_sel, SGD_usel, and SGS, the bit line BL, and the
source line SL, respectively, at the start of the read operation
are VSS. Further, the voltage of the control signal BLC is
VSS, and the voltage of the control signal STB is at the low
(L) level.

Here, when a voltage is applied to the word lines WL, for
example, due to an RC delay, the time until the voltage of a
portion among the word lines WL that is physically close to,
for example, the position where the voltage is applied is
stabilized may be relatively short, and the time until the
voltage of a portion among the word lines WL that is
physically distant from, for example, the position where the
voltage is applied may be relatively long. Hereinafter, such
a portion of the word line WL where the time until the
voltage thereofis stabilized is relatively short is described as
being on a “near end side of the word line WL,” and a
portion of the word line WL where the time until the voltage
thereof is stabilized is relatively long is described as being
on a “far end side of the word line WL.”

In the present embodiment, in the read operation, a kick
operation is performed on the selected word line WL _sel.
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The kick operation refers to an operation of causing a
voltage greater than a target voltage to be applied for a
certain period of time. It is possible to shorten the time until
the voltage of the far end side portion of the selected word
line WI_sel is stabilized by the target voltage by performing
the kick operation on the selected word line WL_sel. Here,
in the following description, a voltage greater than the target
voltage is referred to as a kick voltage, and a difference
between the kick voltage and the target voltage is referred to
as a kick amount.

First, as described below, a read operation using the read
voltage AR is performed.

At time t11, a voltage obtained by adding a kick amount
AK to the read voltage AR, which is the target voltage, is
applied to the selected word line WL _sel, and the voltage
VREAD is applied to the word line WL_usel. Thereafter, the
read voltage AR is applied to the selected word line WL _sel
at time t12. Thus, the kick operation is performed on the
selected word line WL_sel. By the kick operation, as illus-
trated in FIG. 6, the voltage at the near end side portion of
the selected word line WL_sel (indicated by a solid line with
the term “Near” in the figure) may become higher than the
voltage which is stabilized by the read voltage AR before it
is stabilized by the read voltage AR.

Meanwhile, at time t11, a voltage obtained by adding the
kick amount AK to a voltage VSRC, which is the target
voltage, is applied to the source line SL. Thereafter, the
voltage VSRC is applied to the source line SL at time t12.

Further, at time t11, the voltage VGS is applied to the
select gate lines SGD_sel and SGS, and the voltage VSRC
is applied to the select gate line SGD_usel.

In addition, charging of the bit line BL is started at time
t11. During the charging, at time t11, the control signal BLC
is changed to a voltage obtained by adding a kick amount
AKD to a voltage VBLC which is a target voltage, and as a
result, a voltage obtained by adding the kick amount AKb to
the voltage VBL which is the target voltage is applied to the
bit line BL. Thereafter, at time t12, the control signal BLC
is changed to the voltage VBLC, and as a result, the voltage
VBL is applied to the bit line BL.

Thus, the kick operation is also performed on the source
line SL and the bit line BL according to the kick operation
on the selected word line WL_sel.

Time t12 corresponds to, for example, the time at which
the voltage of the far end side portion of the selected word
line WL _sel (indicated by the term “Far”) is stabilized. That
is, based on the time required to increase the voltage of the
far end side portion of the selected word line WL _sel, the
time t12 may be set by the voltage obtained by adding the
kick amount AK to the read voltage AR as the time when the
voltage of the far end side portion of the selected word line
WL_sel reaches the voltage stabilized by the read voltage
AR, which is the target voltage, or as the time before and
after that time. The same applies to the following times 122
and t32.

After the voltages of the word lines WL._sel and WL _usel,
the select gate lines SGD_sel, SGD_usel, and SGS, the bit
line BL, and the source line SL are stabilized, the control
signal STB becomes a high level to be asserted at time t13.
As a result, the read data based on the read voltage AR is
transferred to the latch circuit in the sense amplifier module
11.

Next, as described below, a read operation using the read
voltage BR is continuously performed.

Also, in a read operation using the read voltage BR
following the read operation using the read voltage AR, a
kick operation is performed on the selected word line
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WL_sel, and accordingly, an operation according to the kick
operation is performed on the source line SL and the bit line
BL. Further, in such an operation performed according to the
kick operation, unlike the kick operation described above,
the voltage of the source line SL or the bit line BL. does not
necessarily rise before and after the operation. However, in
the following description, such an operation will also be
described as a kick operation, and as in the kick operation
described above, descriptions will be made by referring to a
voltage which is greater than the target voltage applied
before the target voltage is applied as a kick voltage, and
referring to a difference in magnitude between the kick
voltage and the target voltage as a kick amount.

At time 121, a voltage obtained by adding a kick amount
BK to the read voltage BR, which is the target voltage, is
applied to the selected word line WL._sel. Thereafter, at time
122, the read voltage BR is applied to the selected word line
WL_sel. Thus, the kick operation is performed on the
selected word line WL_sel. By the kick operation, as illus-
trated in FIG. 6, the voltage at the near end side portion of
the selected word line WL_sel may become higher than the
voltage which is stabilized by the read voltage BR before it
is stabilized by the read voltage BR.

Meanwhile, at time 121, a voltage obtained by adding the
kick amount BK to the voltage VSRC, which is the target
voltage, is applied to the source line SL. Thereafter, the
voltage VSRC is applied to the source line SL again at time
22.

Further, at time t21, the control signal BL.C is changed to
a voltage obtained by adding a kick amount BKb to the
voltage VBLC which is the target voltage, whereby a voltage
obtained by adding the kick amount BK to the voltage VBL,
which is the target voltage, is applied to the bit line BL.
Thereafter, at time 122, the control signal BL.C is changed to
the voltage VBLC, whereby the voltage VBL is applied to
the bit line BL again.

As described above, also, in the read operation using the
read voltage BR, the kick operation is performed on the
source line SL. and the bit line BL according to the kick
operation on the selected word line WL _sel.

After the voltages of the selected word line WL _sel, the
bit line BL, and the source line SL are stabilized, the control
signal STB becomes a high level to be asserted at time t23.
As a result, read data based on the read voltage BR is
transferred to the latch circuit in the sense amplifier module
11.

Next, as described below, similarly to the read operation
using the read voltage BR, the read operation using the read
voltage CR is continuously performed.

At time 31, a voltage obtained by adding a kick amount
CK to the read voltage CR, which is the target voltage, is
applied to the selected word line WL._sel. Thereafter, the
read voltage CR is applied to the selected word line WL _sel
at time t32. Thus, the kick operation is performed on the
selected word line WL_sel. By the kick operation, as illus-
trated in FIG. 6, the voltage at the near end side portion of
the selected word line WL_sel may become higher than the
voltage which is stabilized by the read voltage CR before it
is stabilized by the read voltage CR.

Meanwhile, at time t31, a voltage obtained by adding the
kick amount CK to the voltage VSRC, which is the target
voltage, is applied to the source line SL. Thereafter, at time
132, the voltage VSRC is applied to the source line SL. again.

Further, at time t31, the control signal BL.C is changed to
a voltage obtained by adding a kick amount CKb to the
voltage VBLC which is the target voltage, whereby a voltage
obtained by adding the kick amount CK to the voltage VBL,
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which is the target voltage, is applied to the bit line BL.
Thereafter, at time t32, the control signal BL.C is changed to
the voltage VBLC, whereby the voltage VBL is applied to
the bit line BL again.

As described above, also, in the read operation using the
read voltage CR, the kick operation is performed on the
source line SL. and the bit line BL according to the kick
operation on the selected word line WL _sel.

After the voltages of the selected word line WL _sel, the
bit line BL, and the source line SL are stabilized, the control
signal STB becomes a high level to be asserted at time t33.
As a result, read data based on the read voltage CR is
transferred to the latch circuit in the sense amplifier module
11.

Further, descriptions have been made above on a case
where the kick operation is performed according to the kick
operation on the selected word line WL_sel with respect to
the bit line BL. Alternatively, for example, when the voltage
VBL is set to a voltage always greater than the voltage
applied to the source line SL, the kick operation may not
necessarily be performed on the bit line BL.

Further, descriptions have been made above on a case
where the read operation is continuously performed in the
order of the read operation using the read voltage AR, the
read operation using the read voltage BR, and the read
operation using the read voltage CR. However, the read
operation is not limited thereto.

As described above, the kick operation performed on the
source line SL and the bit line BL corresponds to the kick
operation performed on the selected word line WL _sel. For
example, in the above-described example, the period during
which the kick voltage is applied to the selected word line
WL_sel and the period during which the kick voltage is
applied to the source line SL. and the bit line BL are the same
period. Further, the kick amount in the kick operation for the
selected word line WL_sel matches the kick amount in the
kick operation for the source line SL. and the bit line BL.
However, the kick operation for the source line SL and the
bit line BL performed according to the kick operation for the
selected word line WL_sel is not limited to this. For
example, the kick amount in the kick operation for the
selected word line WL_sel, the kick amount in the kick
operation for the source line SL., and the kick amount in the
kick operation for the bit line BL. may not necessarily
coincide with each other. Further, the timing at which the
kick voltage or the target voltage is applied to each of the
selected word line WL _sel, the source line SL, and the bit
line B may not all coincide. For example, the timing at
which the kick voltage is applied to the source line SL and
the bit line BL may be in accordance with the timing at
which the kick voltage is applied to the selected word line
WL_sel. Also, for example, the kick operation on the source
line SL. may be completed at least before the corresponding
control signal STB is asserted.

[Effect]

FIG. 7 is a timing chart illustrating an example of changes
in voltages that are applied to various circuit elements
during the read operation in the semiconductor memory
device according to a comparative example.

Here, for example, during the read operation using the
read voltage AR, the read voltage AR is applied to the
selected word line WL _sel, and the voltage VSRC is applied
to the source line SL. Further, the voltage VBL is applied to
the bit line BL so as to charge the bit line BL. After the
voltages of the selected word line WL_sel and the source
line SL are stabilized by the voltages applied as described
above, the selected memory cell transistor MT connected to
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the selected word line WL_sel is made conductive such that
it is determined whether the threshold voltage of the selected
memory cell transistor MT falls within the threshold voltage
distribution at the “Er” state or in the threshold voltage
distribution at the “A” state or higher, based on whether the
voltage of the bit line BL is changed.

In the example of FIG. 7, during the read operation using
the read voltage AR, the kick operation on the selected word
line WL _sel is performed. Execution of the kick operation
shortens the time until the voltage at the far end side portion
of the selected word line WL _sel is stabilized by the read
voltage AR which is the target voltage. Meanwhile, as
illustrated in FIG. 7, the voltage at the near end side portion
of the selected word line WL._sel may become higher than
the voltage which is stabilized by the read voltage AR before
it is stabilized by the read voltage AR. Here, in the example
of FIG. 7, the voltage VSRC is continuously applied to the
source line SL.

In such a case, the voltage difference between the gate and
the source of the selected memory cell transistor MT con-
nected to the near end side portion of the selected word line
WL_sel may become greater than the voltage of the selected
word line WI_sel which is stabilized by the read voltage
AR. At this time, even when the selected memory cell
transistor M T has a threshold voltage which is not conducted
at the read voltage AR, the selected memory cell transistor
MT may be conducted (indicated by hatching). When the
selected memory cell transistor MT becomes conductive, the
bit line BL connected to the selected memory cell transistor
MT is discharged, as illustrated in FIG. 7. This discharge
does not occur unless there is a kick operation on the
selected word line WL _sel, and since the bit line BL needs
to be charged with the voltage VBL in order to perform the
read operation, it is necessary to charge such a bit line BL
again.

In contrast, in the semiconductor memory device 1
according to the first embodiment, the kick operation is also
performed on the source line SL. during the read operation
according to the kick operation on the selected word line
WL_sel. For example, when a kick voltage greater than the
target voltage is applied for a certain period of time before
the target voltage is applied to the selected word line
WL_sel, the voltage applied to the source line SL is
increased according to the kick amount which is a difference
in magnitude between the kick voltage and the target volt-
age, and the timing at which the kick voltage is applied.

As a result, in the semiconductor memory device 1, the
expansion of the voltage difference between the gate and the
source of the selected memory cell transistor MT described
above can be prevented, and hence the discharge of the bit
line BL described above can be prevented. As a result, the
time required to charge the bit line BL. described above may
be shortened, and, for example, the speeding up of the read
operation may be achieved in the semiconductor memory
device 1.

Second Embodiment

A semiconductor memory device la according to a sec-
ond embodiment will be described below.

Configuration Example

The configuration of the semiconductor memory device
1a according to the second embodiment will be described in
detail below with respect to differences from the semicon-
ductor memory device 1 according to the first embodiment.
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The semiconductor memory device la includes a driver
SLDRVa instead of the driver SLDRYV in the first embodi-
ment.

(1) Circuit Configuration of Driver SLDRVa

FIG. 8 is a diagram illustrating an example of a circuit
configuration of the driver SLDRVa in the semiconductor
memory device 1a according to the second embodiment.

FIG. 8 illustrates NAND string groups NSGI,
NSG2, . .., and NSGn including one or more NAND strings
NS in the memory cell array 10.

First, each NAND string NS in the NAND string group
NSGk is connected to a node N1_k. Here, the symbol “k”
represents an integer from 1 to n. The node N1_% and a node
N1_(k+1) are connected via a resistor R_k. Here, the symbol
“k” represents an integer from 1 to (n—1). The nodes N1_1
to N1_zn correspond to the source line SL.

The driver SLDRVa includes a current supply unit 191, a
discharge path setting unit 192, and a reference voltage
setting unit 193. However, any of the respective circuits of
these units may be provided separately in other devices.

The current supply unit 191 includes p-channel MOS
transistors Trll and Tr12, a current source CS, and high
breakdown voltage n-channel MOS transistors Tr13_1,
Tr13_2, ..., and Tr13_n.

A voltage VDDSA is applied to the first terminal of the
transistor Trl1, and the second terminal of the transistor Tr11
is connected to the node N2. The gate of the transistor Tr11
is connected to the node N3. The voltage VDDSA is applied
to the first terminal of the transistor Tr12, and the second
terminal and the gate of the transistor Trl2 are connected to
the node N3. An input terminal of the current source CS is
connected to the node N3, and an output terminal of the
current source CS is grounded. The first terminal of each of
the transistors Tr13_1 to Tr13_# is connected to the node
N2. The second terminal of the transistor Tr13_k is con-
nected to the node N1_#%, and a control signal supplied by,
for example, the sequencer 16 is applied to the gate of the
transistor Tr13_k. Here, the symbol “k” represents an integer
from 1 to n. Further, the control signals applied to the gates
of the transistors Tr13_1 to Tr13_n, respectively, may be
independently controlled by, for example, the sequencer 16.
With such a circuit configuration, a constant current is
supplied from the second terminal of the transistor Tr1l to
the node N2. The constant current is supplied to the node N1
connected to the transistor Tr13 among the nodes N1_1 to
N1_r through the transistor Tr13, which is in the on state
among the transistors Tr13_1 to Tr13_r.

The discharge path setting unit 192 includes high break-
down voltage n-channel MOS ftransistors Trl4_1,
Tr14_2, . .., and Tr14_n.

The first terminal of the transistor Tr14_k is connected to
the node N1_k, and the second terminal of the transistor
Trl4_k is connected to the node N4. The control signal
supplied by, for example, the sequencer 16 is applied to the
gate of the transistor Tr14_k. Here, the symbol “k” repre-
sents an integer from 1 to n. Further, the control signals
applied to the gates of the transistors Trl14_1 to Trl4_n,
respectively, may be independently controlled by, for
example, the sequencer 16.

The reference voltage setting unit 193 includes an opera-
tional amplifier OA, a high breakdown voltage n-channel
MOS transistor Trl5, and n-channel MOS transistors
Tr16_1, Tr16_2, . . ., and Tr16_nr.

The first terminal of the transistor Tr15 is connected to the
node N4, and the second terminal of the transistor Trl5 is
connected to the node N5. The inverted signal of a control
signal SRCHV_SWMON is applied to the gate of the

10

20

25

30

40

45

50

16
transistor Tr15. The control signal SRCHV_SWMON is
supplied by, for example, the sequencer 16. An inverting
input terminal of the operational amplifier OA is connected
to the node N5, and a voltage VREF_SRC is applied to a
non-inverting input terminal of the operational amplifier
OA. The output terminal of the operational amplifier OA is
connected to the node N6. The first terminal of each of the
transistors Tr16_1 to Trl16_z is connected to the node N4,
and the second terminal of each of the transistors Tr16_1 to
Trl6_n is connected to the node N7. A voltage VSS is
applied to the node N7. The gate of each of the transistors
Tr16_1 to Tr16_r is connected to the node N6. With such a
circuit configuration, the voltage of the node N4 is main-
tained at a voltage corresponding to the voltage VREF_SRC.

(2) Schematic Layout of Row Decoder Module and
Memory Cell Array

FIG. 9 is a view illustrating an example of the layout of
the row decoder module 12, the word line WL, and the
source line SL in the semiconductor memory device la
according to the second embodiment.

First, the semiconductor memory device 1la includes a
semiconductor substrate. Here, two directions parallel to the
surface of the semiconductor substrate, for example, two
directions orthogonal to each other are defined as a first
direction D1 and a second direction D2, and a direction
which is, for example, orthogonal to the surface of the
semiconductor substrate is defined as a third direction D3.
The row decoder module 12 and the memory cell array 10
are formed along the third direction D3. In FIG. 9, in order
to facilitate reference to the drawings, only the positional
relationship in the first direction D1 and the second direction
D2 is accurately illustrated and the positional relationship in
the third direction D3 is not necessarily accurately illus-
trated.

Hereinafter, descriptions will be made on a case where the
NAND strings NS in the memory cell array 10 are divided
into, for example, five groups of NAND string groups
NSG1, NSG2, . . ., and NSG5.

For example, a conductor that functions as a source line
SL of each NAND string NS in the NAND string group
NSGk is referred to as a conductor SPk. Here, the symbol
“k” represents an integer from 1 to 5. Further, in the
following description, the memory cell transistors MT in the
NAND string group NSGk are referred to as memory cell
transistors MT corresponding to the conductor SPk.

The conductors SP1 to SP5 are sequentially provided
along the second direction D2 so as to be adjacent to each
other with an interval in the order of the conductor SP1, the
conductor SP2, . . ., the conductor SP5.

A conductor WP that functions as the word line WL is
provided so as to extend in the first direction D1 and the
second direction D2 and overlap the conductors SP1 to SP5
in the third direction D3.

The row decoder module 12 includes, for example, row
decoder modules 12_1 and 12_2. The row decoder modules
12_1 and 12_2 are provided so as to be adjacent to each
another in the order of the row decoder module 12_1, the
conductors SP1 to SP5, and the row decoder module 12_2
along the second direction D2. The row decoder module
12_1 may transfer a voltage to the conductor WP.

For example, when the row decoder module 12_1 trans-
fers a voltage to the conductor WP, a distance between the
position of the conductor WP to which the voltage is applied
and the portion of the conductor WP which is connected to
the memory cell transistor MT corresponding to the con-
ductor SPk gets longer as the integer “k” increases from 1 to
5.
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That is, a portion of the conductor WP which is connected
to the memory cell transistor MT corresponding to the
conductor SP1 corresponds to the near end side of the word
line WL, and a portion which is connected to the memory
cell transistor MT corresponding to the conductor SP5
corresponds to the far end side of the word line WL. Further,
the row decoder module 12_2 may also transfer a voltage to
a conductor that functions as another word line (not illus-
trated) provided so as to overlap, for example, the conductor
WP in the third direction D3. In the conductor to which the
row decoder module 12_2 transfers a voltage, a portion of
the conductor connected to the memory cell transistor MT
corresponding to the conductor SP1 corresponds to the far
end side of the word line WL, and a portion connected to the
memory cell transistor MT corresponding to the conductor
SP5 corresponds to the near end side of the word line WL.

In the present embodiment, the following description will
be made by taking a case where the conductor WP functions
as the selected word line WL_sel as an example.

The conductor SP1 corresponds to the near end side of the
selected word line WL_sel, and the conductor SP5 corre-
sponds to the far end side of the selected word line WL _sel.
The conductor SPk is connected to the node N1_k, and as
described above, the conductor SPk and the node N1_k
correspond to the source line SL. Here, the symbol “k”
represents an integer from 1 to 5.

At this time, since the node N1_1 is connected to the
conductor SP1 corresponding to the near end side of the
selected word line WL_sel, the node N1_1 is defined to
correspond to the near end side of the source line SL.
Further, since the node N1_5 is connected to the conductor
SP5 corresponding to the far end side of the selected word
line WL _sel, the node N1_5 is defined to correspond to the
far end side of the source line SL.

Operation Example

(1) Example of Control of Voltage of Source Line

FIG. 10 is a schematic circuit configuration diagram
illustrating a first example of on/off control of the transistors
Tr13_1 to Tr13_5 and Trl4_1 to Trl4_5 in the driver
SLDRVa in the semiconductor memory device 1a according
to the second embodiment illustrated in FIG. 8. Similarly to
FIG. 9, descriptions will be made on a case where the
NAND strings NS in the memory cell array 10 are divided
into NAND string groups NSG1 to NSGS5, the node N1_1
corresponds to the near end side of the source line SL, and
the node N1_5 corresponds to the far end side of the source
line SL. FIG. 10 illustrates an example of the state during the
read operation (including the verify operation), and in par-
ticular, the state while the voltage is applied to the source
line SL during the read operation. The same applies to FIGS.
12 and 14 below.

As described with reference to FIG. 8, the first terminal of
each of the transistors Tr13_1 to Tr13_5 is connected to the
node N2. Further, the second terminal of the transistor
Tr13_k is connected to the node N1_k. Here, the symbol “k”
represents an integer from 1 to 5.

As described with reference to FIG. 8, the constant
current is supplied to the node N2.

In the example illustrated in FIG. 10, for example, the
sequencer 16 controls the transistors Tr13_2 to Tr13_5to be
in the off state so that the transistor Tr13_1 is in the on state.
At this time, the current supplied to the node N2 is supplied
to the node N1_1 only through the transistor Tr13_1 which
is in the on state among the transistors Tr13_1 to Tr13_5.
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As described with reference to FIG. 8, the node N1_k and
the node N1_(k+1) are connected via the resistor R_k. Here,
the symbol “k” represents an integer from 1 to 4. Further, the
first terminal of the transistor Trl4_k is connected to the
node N1_k, and the second terminal of the transistor Tr14_k
is connected to the node N4. Here, the symbol “k” represents
an integer from 1 to 5.

In the example illustrated in FIG. 10, for example, the
sequencer 16 controls the transistor Trl4_5 to be in the on
state so that the transistors Tr14_1 to Trl4_4 are in the off
state. At this time, the current supplied to the node N1_1
passes through a resistor R_1, a node N1_2, a resistor R_2,
a node N1_3, a resistor R_3, a node N1_4, a resistor R_4,
and anode N1_5 in this order so as to be supplied to the node
N4 through the transistor Tr14_5. Therefore, a voltage drop
occurs in the resistors R_1, R_2,R_3, and R_4, whereby the
voltage decreases in the order of the nodes N1_1, N1_2,
N1_3, N1_4, and N1_5. The voltage of the node N1_5 is
equal to the voltage of the node N4, and is maintained at a
voltage corresponding to the voltage VREF_SRC.

FIG. 11 is a graph illustrating an example of control of the
voltage of the source line SL, which is implemented by the
on/off control of the transistors Tr13_1 to Tr13_5 and
Tr14_1 to Tr14_5 illustrated in FIG. 10.

As described above in detail, when a voltage is applied to
the selected word line WL _sel to raise the voltage of the
selected word line WL _sel, the time until the voltage at the
near end side portion of the selected word line WL_sel is
stabilized is relatively short, and the time until the voltage of
the far end side portion of the selected word line WL _sel is
stabilized is relatively long. Therefore, at a certain timing
when the voltage is applied to the selected word line
WL_sel, the voltage of the selected word line WL_sel
gradually decreases from the near end side to the far end side
of the selected word line WL_sel, as illustrated in FIG. 11.

For example, by performing the on/off control of each
transistor as illustrated in FIG. 10, it is also possible to
control the voltage of the source line SL so as to gradually
decrease to the voltage corresponding to the voltage
VREF_SRC from the near end side to the far end side of the
source line SL, as indicated by the symbol “SL_1" of FIG.
11. Further, the symbol “cSL” illustrated in FIG. 11 repre-
sents a case where the voltage of the source line SL. becomes
constant at a voltage corresponding to the voltage
VREF_SRC from the near end side to the far end side.

In addition, by configuring, for example, the current
source CS so as to increase the current output from the
current source CS and increasing the current supplied to the
node N2, it is possible to increase the voltage drop at the
resistors R_1, R_2, R_3, and R_4, respectively, which have
been described with reference to FIG. 10. In this case, as
indicated by the symbol “SL_2" of FIG. 11, the rate
increases at which the voltage of the source line SL gradu-
ally decreases to the voltage corresponding to the voltage
VREF_SRC from the near end side to the far end side of the
source line SL. By controlling the current supplied to the
node N2 in this manner, it is possible to match, for example,
the above-described rate at which the voltage of the selected
word line WL_sel gradually decreases from the near end
side to the far end side of the selected word line WL _sel, and
the rate at which the voltage of the source line SL gradually
decreases from the near end side to the far end side of the
source line SL.

FIG. 12 is a schematic circuit diagram illustrating a
second example of the on/off control of the transistors
Tr13_1 to Tr13_5 and Trl4_1 to Trl4_5 in the driver
SLDRVa in the semiconductor memory device 1a according
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to the second embodiment illustrated in FIG. 8. Similarly to
FIG. 10, descriptions will be made on a case where the
NAND strings NS in the memory cell array 10 are divided
into NAND string groups NSG1 to NSGS5, the node N1_1
corresponds to the near end side of the source line SL, and
the node N1_5 corresponds to the far end side of the source
line SL.

In the example illustrated in FIG. 12, for example, the
sequencer 16 controls the transistors Tr13_3 to Tr13_5to be
in the off state so that the transistors Tr13_1 and Tr13_2 are
in the on state. Further, for example, the sequencer 16
controls the transistor Tr14_5 to be in the on state so that the
transistors Tr14_1 to Tr14_4 are in the off state.

At this time, the current supplied to the node N2 is
supplied to the node N1_2 only through the transistor
Tr13_2 which is in the on state among the transistors Tr13_1
to Tr13_5. The current supplied to the node N1_2 passes
through the resistor R_2, the node N1_3, the resistor R_3,
the node N1_4, the resistor R_4, and the node N1_5 in this
order so as to be supplied to the node N4 through the
transistor Tr14_5. Therefore, a voltage drop occurs in the
resistors R_2, R_3, and R_4, whereby the voltage decreases
in the order of the nodes N1_2, N1_3, N1_4, and N1_5.

Further, since the transistors Tr13_1 and Tr13_2 are in the
on state, the node N1_1 and the node N1_2 are at the same
voltage. The voltage of the node N1_5 is equal to the voltage
of'the node N4, and is maintained at a voltage corresponding
to voltage VREF_SRC.

FIG. 13 is a graph illustrating an example of control of the
voltage of the source line SL, which is implemented by the
on/off control of the transistors Tr13_1 to Tr13_5 and
Tr14_1 to Tr14_5 illustrated in FIG. 12.

As described with reference to FIG. 11, as illustrated in
FIG. 13, the voltage of the selected word line WL _sel
gradually decreases from the near end side to the far end side
of the selected word line WL_sel.

For example, by performing the on/off control of each
transistor as illustrated in FIG. 12, it is possible to maintain
the voltage of the source line SL to be constant from the near
end side to the far end side of the source line SL in the
section corresponding to the transistor which is in the on
state among the transistors Tr13_1 to Tr13_5, and then
control the voltage of the source line SL so as to gradually
decrease to the voltage corresponding to the voltage
VREF_SRC, as indicated by the symbol “SL_3" of FIG. 13.

FIG. 14 is a schematic circuit diagram illustrating a third
example of the on/off control of the transistors Tr13_1 to
Tr13_5 and Tr14_1 to Trl4_5 in the driver SLDRVa in the
semiconductor memory device la according to the second
embodiment illustrated in FIG. 8. Similarly to FIG. 10,
descriptions will be made on a case where the NAND strings
NS in the memory cell array 10 are divided into NAND
string groups NSG1 to NSG5, the node N1_1 corresponds to
the near end side of the source line SL, and the node N1_5
corresponds to the far end side of the source line SL.

In the example illustrated in FIG. 14, for example, the
sequencer 16 controls the transistors Tr13_2 to Tr13_5to be
in the off state so that the transistor Tr13_1 is in the on state.
Further, for example, the sequencer 16 controls the transis-
tors Tr14_4 and Tr14_5 to be in the on state so that the
transistors Tr14_1 to Tr14_3 are in the off state.

At this time, the current supplied to the node N2 is
supplied to the node N1_1 only through the transistor
Tr13_1 which is in the on state among the transistors Tr13_1
to Tr13_5. The current supplied to the node N1_1 passes
through the resistor R_1, the node N1_2, the resistor R_2,
the node N1_3, the resistor R_3, and the node N1_4 in this
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order so as to be supplied to the node N4 through the
transistor Tr14_4. Therefore, a voltage drop occurs in the
resistors R_1, R_2, and R_3, whereby the voltage decreases
in the order of the nodes N1_1, N1_2, N1_3, and N1_4.
Further, since the transistors Tr14_4 and Tr14_5 are in the on
state, the nodes N1_4 and N1_5 are at the same voltage. The
voltages of the nodes N1_4 and N1_5 are equal to the
voltage of node N4, and are maintained at a voltage corre-
sponding to the voltage VREF_SRC.

FIG. 15 is a graph illustrating an example of control of the
voltage of the source line SL, which is implemented by the
on/off control of the transistors Tr13_1 to Tr13_5 and
Tr14_1 to Tr14_5 illustrated in FIG. 14.

As described with reference to FIG. 11, as illustrated in
FIG. 15, the voltage of the selected word line WL _sel
gradually decreases from the near end side to the far end side
of the selected word line WL_sel.

For example, by performing the on/off control of each
transistor as illustrated in FIG. 14, it is possible to perform
a control such that the voltage of the source line SL is
gradually decreased to the voltage corresponding to the
voltage VREF_SRC from the near end side to the far end
side of the source line SL, and then maintained at a voltage
corresponding to the voltage VREF_SRC in the section
corresponding to the transistor in the on state among the
transistors Trl4_1 to Trl4_5, as indicated by the symbol
“SL_4” of FIG. 15.

By combining the control of the voltage of the source line
SL described with reference to FIGS. 10 to 15, for example,
even when the rate is not constant at which the voltage of the
selected word line WL _sel gradually decreases from the
near end side to the far end side of the selected word line
WL_sel, it is possible to correspond the state of the voltage
change from the near end sides to the far end sides of the
selected word line WL _sel and the source line SL. Further,
the on/off control of each transistor by, for example, the
sequencer 16 described above may be executed based on a
row address.

(2) Examples of Various Voltages Used in Read Operation

FIG. 16 is a timing chart illustrating an example of
changes in voltages that are applied to various circuit
elements during a read operation in the semiconductor
memory device 1a according to the second embodiment. In
addition, while descriptions will be made below on a case
where a read operation is performed using a read voltage, the
same applies to a read operation using a verify voltage.

As described above, the application of the voltage to the
source line SL is executed by the control of the voltage
generation circuit 18 and the driver SLDRVa by the
sequencer 16. In the corresponding control, the control of
the voltage of the source line SL, which has been described
in detail with reference to FIGS. 10 to 15, is performed.

In the example illustrated in FIG. 16, the voltage applied
to the word line WL_sel, the bit line BL,, and the source line
SL, respectively, at the start of the read operation is VSS.

First, the voltage VBL is applied to the bit line BL. at time
50.

Thereafter, at time t51, a voltage obtained by adding the
kick amount AK to the read voltage AR, which is the target
voltage, is applied to the selected word line WL_sel, and
thereafter, at time t52, the read voltage AR is applied to the
selected word line WL_sel. Thus, the kick operation is
performed on the selected word line WL _sel. By the kick
operation, as illustrated in FIG. 16, the voltage (“Near”) at
the near end side portion of the selected word line WL _sel
may become higher than the voltage which is stabilized by
the read voltage AR before it is stabilized by the read voltage
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AR. In such a case, as described with reference to FIG. 7,
discharge of the bit line BL. corresponding to the near end
side portion of the selected word line WL_sel may occur.

In the example illustrated in FIG. 16, at time t51, a voltage
is applied to the source line SL so that the voltage gradually
decreases from the voltage corresponding to the voltage
obtained by adding the kick amount AK to the voltage
VSRC to the voltage corresponding to the voltage VSRC,
for example, from the near end side (“Near”) to the far end
side (“Far”) of the source line SL. Thereafter, for example,
at time t52, a constant voltage VSRC is applied from the
near end side to the far end side of the source line SL. In this
manner, an operation according to the kick operation on the
selected word line WL _sel is performed on the source line
SL. Further, such an operation will be described below as a
kick operation. In the following description, the kick voltage
in the operation is a voltage that is described as being
applied to the source line SL at time t51, the kick amount in
the operation is the kick amount AK, and the target voltage
therein is the voltage VSRC.

This makes it possible to prevent the expansion of the
voltage difference between the gate and the source of the
selected memory cell transistor MT, which has been
described with reference to FIG. 7, and hence, the discharge
of'bit line BL described above can be prevented as illustrated
in FIG. 16. The dashed-dotted line regarding the bit line BL.
illustrated in FIG. 16 will be described later.

Further, the voltage VBL is set, for example, to be always
greater than the voltage applied to the source line SL.
Alternatively, as described with reference to FIG. 6 in the
first embodiment, the kick operation may be performed on
the bit line BL according to the kick operation on the
selected word line WL _sel.

Further, the control of the voltage applied to the source
line SL is not limited to that described above. For example,
the voltage applied to the source line SL. may be made to be
changed at any timing to a voltage which is controlled such
that the state of the voltage change from the near end side to
the far end side of the selected word line WL _sel at that
time, and the state of the voltage change from the near end
side to the far end side of the source line SL correspond to
each other.

As described above, the kick operation performed on the
source line SL corresponds to the kick operation performed
on the selected word line WL _sel. For example, in the
example described above, the period during which the kick
voltage is applied to the selected word line WIL._sel and the
period during which the kick voltage is applied to the source
line SL are the same period. Further, the kick amount in the
kick operation for the selected word line WI_sel matches
the kick amount in the kick operation for the source line SL..
However, the kick operation on the source line SL per-
formed according to the kick operation on the selected word
line WI_sel is not limited to this. For example, the kick
amount in the kick operation for the selected word line
WL_sel and the kick amount in the kick operation for the
source line SL. may not necessarily coincide with each other.
Further, the timing at which the kick voltage or the target
voltage is applied to each of the selected word line WL _sel
and the source line SL. may not coincide with each other. For
example, the timing at which the kick voltage is applied to
the source line SI. may correspond to the timing at which the
kick voltage is applied to the selected word line WL _sel.
Also, as described above with reference to FIG. 6, for
example, the kick operation on the source line SL. may be
completed at least before the corresponding control signal
STB is asserted.
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[Effect]

FIG. 17 is a diagram illustrating an example of a circuit
configuration of a driver ¢SLDRV in a semiconductor
memory device according to a comparative example.

NAND string groups NSG1 to NSGn are commonly
connected to the node N1. In the comparative example of the
second embodiment, the node N1 corresponds to the source
line SL.

The driver cSLDRYV includes a discharge unit ¢192 and a
reference voltage setting unit ¢194.

The discharge unit ¢192 includes high-breakdown voltage
n-channel MOS transistors Tr14_1, Trl4_2, . . . , and
Trl4_n.

The first terminal of the transistor Tr14_k is connected to
the node N1, and the second terminal of the transistor
Trl4_k is connected to the node N9. The gate of the
transistor Tr14_k is connected to the node N8. Here, the
symbol “k” represents an integer from 1 to n. The same
control signal is applied to the gates of the transistors Tr14_1
to Tr14_r by, for example, the sequencer 16.

The reference voltage setting unit ¢194 includes p channel
MOS transistors Trll and Trl2, a current source CS, an
operational amplifier OA, high breakdown voltage n channel
MOS transistors Trl5 and Tr17, and n channel MOS tran-
sistors Tr16_1, Tr16_2, . . . and Tr16_n.

As described with reference to FIG. 8, the voltage
VDDSA is applied to the first terminal of the transistor Trl1,
and the gate of the transistor Tr11 is connected to the node
N3. Further, the voltage VDDSA is applied to the first
terminal of the transistor Trl12, and the second terminal and
the gate of the transistor Tr12 are connected to the node N3.
In addition, an input terminal of the current source CS is
connected to the node N3, and an output terminal of the
current source CS is grounded. In the example illustrated in
FIG. 17, the second terminal of the transistor Trll is
connected to the node N9.

The first terminal of the transistor Tr15 is connected to the
node N9, and the second terminal of the transistor Trl5 is
connected to the node N10. The inverted signal of a control
signal SRCHV_SWMON is applied to the gate of the
transistor Tr15. The control signal SRCHV_SWMON is
supplied by, for example, the sequencer 16. An inverting
input terminal of the operational amplifier OA is connected
to the node N10, and the voltage VREF_SRC is applied to
a non-inverting input terminal of the operational amplifier
OA. An output terminal of the operational amplifier OA is
connected to the node N6. The first terminal of each of the
transistors Tr16_1 to Trl6_z is connected to the node N9,
and the second terminal of each of the transistors Tr16_1 to
Tr16_n is connected to the node N7. The voltage VSS is
applied to the node N7. The gate of each of the transistors
Tr16_1 to Trl6_rn is connected to the node N6. The first
terminal of the transistor Tr17 is connected to the node N1,
and the second terminal of the transistor Tr17 is connected
to the node N10. The control signal SRCHV_SWMON is
applied to the gate of the transistor Tr17. With such a circuit
configuration, the voltage of the node N1 is maintained at a
voltage corresponding to the voltage VREF_SRC. As a
result, in the example illustrated in FIG. 17, the voltage of
the source line SL. may be controlled so as to be constant at
a voltage corresponding to the voltage VREF_SRC from the
near end side to the far end side. In this case, as indicated by
the dashed-dotted line in FIG. 16 with respect to the bit line
BL, the amount of discharge of the bit line BL corresponding
to the near end side portion of the selected word line WL _sel
is large.
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In the meantime, in the semiconductor memory device 1a
according to the second embodiment, as described in detail
with reference to FIGS. 10 to 15, the voltage of the source
line SL. may be controlled to gradually change from the near
end side to the far end side of the source line SL. Therefore,
in the semiconductor memory device 1a, a voltage may be
applied to the source line SL so that, for example, when a
kick operation is performed on the selected word line
WL_sel, the state of voltage change from the near end side
to the far end side of the selected word line WL _sel
corresponds to the state of voltage change from the near end
side to the far end side of the source line SL.

As a result, in the semiconductor memory device 1a, it is
possible to prevent the expansion of the voltage difference
between the gate and the source of the selected memory cell
transistor MT which has been described with reference to
FIG. 7. Therefore, as illustrated in FIG. 16, the discharge of
the bit line BL can be prevented from the case of the
comparative example. As a result, the time required to
charge the bit line BL described with reference to FIG. 7
may be shortened and, for example, speeding up of the read
operation may be achieved in the semiconductor storage
device 1a.

Further, in the semiconductor memory device 1a, the
voltage of the source line SL is not unnecessarily raised in
the kick operation on the source line SL as described above.
Therefore, in the semiconductor memory device 1q, a con-
stant voltage VSRC is applied from the near end side to the
far end side of the source line SL after the kick operation,
and the time until the voltage of the source line SL is
stabilized is shortened. Therefore, it is possible, for example,
to speed up the read operation in the semiconductor memory
device 1a.

Other Embodiments

Respective units described as the configuration in the
semiconductor memory device according to the first
embodiment and the second embodiment may be imple-
mented by either hardware or software, or may be imple-
mented by a combination of hardware and software.

In the first and second embodiments described above,
when the phrase “identical and coincident” is used, the
phrase may include the case where an error in the range of
design is included.

Further, in a case where it is described that a certain
voltage is applied or supplied, the case includes both of
performing a control to apply or supply the voltage and
actually applying or supplying the voltage. In addition,
applying or supplying a certain voltage may include apply-
ing or supplying a voltage of, for example, OV.

In the present specification, the term “connection” indi-
cates an electrical connection, and does not exclude, for
example, the passage of another element interposed ther-
ebetween.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the inventions.
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What is claimed is:
1. A semiconductor memory device comprising:
a memory cell;
a word line connected to the memory cell;
a source line connected to the memory cell; and
a control circuit configured to, during a read operation on
the memory cell:
apply a first voltage to the word line, apply a second
voltage greater than the first voltage to the word line
after applying the first voltage to the word line, and
apply a third voltage which is greater than the first
voltage and smaller than the second voltage to the
word line after applying the second voltage to the
word line;
apply a fourth voltage to the source line according to a
timing at which the second voltage is applied to the
word line, and apply a fifth voltage smaller than the
fourth voltage to the source line after applying the
fourth voltage to the source line;
apply a seventh voltage greater than the third voltage to
the word line after applying the third voltage to the
word line, and apply an eighth voltage which is
greater than the third voltage and smaller than the
seventh voltage to the word line after applying the
seventh voltage to the word line; and
apply a ninth voltage greater than the fifth voltage to the
source line according to a timing at which the
seventh voltage is applied to the word line after
applying the fifth voltage to the source line, and
apply the fifth voltage to the source line after apply-
ing the ninth voltage to the source line.
2. The semiconductor memory device according to claim
1, further comprising:
a sense amplifier connected to the memory cell,
wherein the sense amplifier is configured to sense data
stored in the memory cell while the third voltage is
applied to the word line.
3. The semiconductor memory device according to claim
1, wherein the control circuit is configured to apply the
fourth voltage to the source line while applying the second
voltage to the word line.
4. The semiconductor memory device according to claim
1, wherein a difference in magnitude between the fourth
voltage and the fifth voltage is approximately the same as a
difference in magnitude between the second voltage and the
third voltage.
5. The semiconductor memory device according to claim
1, wherein the control circuit is configured to apply a sixth
voltage greater than the fifth voltage after applying the fifth
voltage to the source line.
6. The semiconductor memory device according to claim
1, wherein the control circuit is configured to apply the ninth
voltage to the source line while applying the seventh voltage
to the word line.
7. A semiconductor memory device comprising:
a first memory cell;
a second memory cell;
a first source line connected to the first memory cell;
a second source line connected to the second memory
cell;
a first transistor connected to the first source line;
a second transistor connected to the second source line;
and
a first resistor having a first end connected to the first
source line and a second end connected to the second
source line, wherein during a read operation on the first
and second memory cells,
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a first control signal is applied to a gate of the first
transistor to turn on the first transistor, and

a second control signal different from the first control
signal is applied to a gate of the second transistor to
turn off the second transistor.

8. The semiconductor memory device according to claim

7, further comprising:

a current supply circuit configured to selectively supply a
current to the first source line and the second source
line.

9. The semiconductor memory device according to claim

8, wherein the current supply circuit includes:

a current source;

a third transistor connected between the current source
and the first source line; and

a fourth transistor connected between the current source
and the second source line.

10. The semiconductor memory device according to claim

7, wherein

a first terminal of the first transistor is connected to the
first source line, and a first terminal of the second
transistor is connected to the second source line, and

a second terminal of the first transistor and a second
terminal of the second transistor are connected to each
other.

11. The semiconductor memory device according to claim

7, further comprising:

a third memory cell;

a third source line connected to the third memory cell;

a fifth transistor connected to the third source line; and

a second resistor having a first end connected to the
second source line and a second end connected to the
third source line, wherein during a read operation on
the first, second, and third memory cells,

a third control signal different from one of the first control
signal and the second control signal is applied to a gate
of the fifth transistor.

12. A method of performing a read operation on a memory
cell of a semiconductor memory device comprising a word
line connected to the memory cell, and a source line respec-
tively connected to the memory cell, said method compris-
ing:
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to the word line, applying a first voltage, applying a
second voltage greater than the first voltage after apply-
ing the first voltage, and applying a third voltage which
is greater than the first voltage and smaller than the
second voltage after applying the second voltage;

to the source line, applying a fourth voltage according to
a timing at which the second voltage is applied to the
word line, and applying a fifth voltage smaller than the
fourth voltage after applying the fourth voltage;

to the word line, applying a seventh voltage greater than
the third voltage after applying the third voltage, and
applying an eighth voltage which is greater than the
third voltage and smaller than the seventh voltage after
applying the seventh voltage; and

to the source line, applying a ninth voltage greater than
the fifth voltage according to a timing at which the
seventh voltage is applied to the word line after apply-
ing the fifth voltage, and applying the fifth voltage after
applying the ninth voltage.

13. The method according to claim 12, further compris-
ing:
sensing data stored in the memory cell with a sense
amplifier of the semiconductor memory device while
the third voltage is applied to the word line.

14. The method according to claim 12, wherein the fourth
voltage is applied to the source line while applying the
second voltage to the word line.

15. The method according to claim 12, wherein a differ-
ence in magnitude between the fourth voltage and the fifth
voltage is approximately the same as a difference in mag-
nitude between the second voltage and the third voltage.

16. The method according to claim 12, further compris-
ing:

to the source line, applying a sixth voltage greater than the

fifth voltage after applying the fifth voltage.

17. The method according to claim 12, wherein the ninth
voltage is applied to the source line while applying the
seventh voltage to the word line.
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